We have successfully demonstrated an 1n203:Sn semiconductor thin film waveguide. The energy gap of the film can be manipulated from 3. 1 eV (0.4 pm) to 3.7 eV (0.335 iim) by changing the ratio of 1n203 and SnO. Waveguide propagation losses of 3 dB/cm for transverse magnetic (TM) and 8 dB/cm for transverse electric (TE) guided waves were experimentally confirmed at the wavelength of 632.8 nm. A phase modulator containing an indium tin oxide waveguide, two holographic mirrors, two microprisms, and two ohmic contacts was fabricated. Electro-optic (current injection) and all optical modulations were conducted. A modulation depth of 18% was experimentally confirmed for the current injection device, using 15-volt applied voltage, and a modulation depth of 15% using 250 mW 355 nm UV light as the activation sources. An 1n203:Sn waveguide device working at the cutoff boundary was made. A modulation depth of 26 dB was measured with an applied voltage of 30 volts. An array of applications, including use in current sensors, ozone UV sensors, attenuated total reflection (ATR) modulators, delay lines for phased array antennae and multi-quantum wells are highly feasible.
INTRODUCTION
We report the development of a new 1n203 film for use as an optical waveguide and an electrooptic and alloptic modulator. The 1n203:Sn film has good transparency which allows a large number of optical wavelengths to be multiplexed with the carrier signal. The index of refraction of the 1n203:Sn film shifts from 2.0 with 100% 1n203 to 1.75 with 95% 1n203 and 5% Sn02 at the 632.8 nm wavelength.
Furthermore, the 1n203:Sn is a semiconductor film, so the effective index of the guided mode can be modulated by current injection.13 With an electric field or an optical beam as the origin of the current injection, electrooptic (current injection) and all-optic modulators, respectively, can be made with the proposed thin film.
Film characteristics, such as transmission bandwidth, band gaps of 1n203:Sn films as a function of 1n203 concentrations, and carrier density, are described in Section 2.0. Theoretical and experimental work aimed at providing a single-mode waveguide are also reported in Section 2.0 where waveguiding characteristics and waveguide propagation losses for both TE and TM modes at wavelength of 0.6328 p.m are described. The working principle of the active device for both electrooptic (current injection) and all-optic modulation is detailed in Section 3.0. The experimental results are further described in Section 4.0. A Fabry-Perot waveguide resonator was employed for intensity modulation. Further applications, including a short interaction length attenuated total reflection (ATh) waveguide modulator, a current sensor, a UV sensor, and a multi-quantum well (MQW) device are described in Section 5.0, followed by concluding remarks. (1) where *opt iS the high-frequency permittivity and w is the frequency of electromagnetic oscillations at which measurements were carried out (w = 2itc/X). The decrease in the index of refraction (Figure 1 ) with the decrease in the 1n203 mole percentage implies that the carrier concentration is increased as more Sn02 is doped into the 1n203 film. The experimental values of the energy band gap, graphed in Figure 2 , were obtained by detecting the absorption edge.
The band gap varies from 3.1 eV (0.4 .tm) with pure 1n203 to 3.7 eV (0.335 pm) with 5% SnO in the 1n203 film. For all optical modulation (to be described in Section 4.0), the band gap energy Eg is 1fl important parameter in determining the wavelength of optical activation. To date, there is no reported data on the band structure of indium tin oxide film. The result shown in Figure 2 is correct for both direct and indirect band gaps. In the case of indirect band gap absorption, a phonon must be absorbed to supply the missing crystal momentum. This is typically a few hundredths of an electron volt and therefore of little 
Waveguide characteristics
A variety of In2O:Sn guided wave devices working in the single-mode regime was investigated. Formation of a single-mode waveguide was first confirmed by using prism coupling methods. With a 98%, 300 nm In203:Sn film, a single-mode TM (transverse magnetic) waveguide was experimentally confirmed. The result of the demonstration is displayed in Figure 3 (a) where a bright streak is apparent in the photograph. The measured effective index was 1.750, very close to the theoretical result (1n203:Sn (n = 1.9) on glass (ii = 1.51) has an effective index value of 1.770). The mode dot coupled out of the output prism is further illustrated in Figure 3 (b). The observation of an m-dot rather than an rn-line insures the waveguide quality.
Note that the smoothness of the glass substrate plays an important role for the realization of such a waveguide. To further characterize the waveguide propagation loss, loss measurement was conducted using a two-prism method. Both TE and TM modes were measured. The waveguide propagation losses of 3 dB/cm and 8 dB/cm shown in Figure 4 were experimentally confirmed for TM and TE, respectively. The measured results implied that a TM guided wave is more suitable than a TE guided wave for making a modulator with high modulation depth. 
WORKING PRINCIPLE OF THE DEVICE
The electrooptic and all optic modulation of the indium tin oxide film was carried out by manipulating the carrier concentration of the 1n203:Sn. There are two methods to provide this manipulation. The first method is to electrically inject a time-varying current and the second is to optically activate the device using a short wavelength light source with photon energy larger than the band gap energy Eg. For either case, the carrier concentration of the indium tin oxide film will be perturbed and an index modulation within the film will be generated accordingly.
A very large current induced index change was reported on Si, GaAs-GaA1As and InGaAsP-InP.5'6 Because a current induced index change is much stronger than the linear electrooptic effect, we can make an active device by injecting a time dependent carrier concentration. When the optical signal carrier to be modulated is coupled to the single-mode waveguide, the induced current will interact with the guided wave 
The current density induced by an electric field can also be written as
where a is the conductivity. Comparing Eqs. (4) and (5), we have
The dielectric constant and conductivity enter into the determination of the optical properties of a solid only in the
where n0 is the index of refraction without the influence of current. From Eq. (6), we can easily write Eq. (7) in the following form: (8) . mCOn)
The An value in this condition is Because both electrons and holes contribute to the current, Eq. (9) is written as -2icN e2 -2icNe2 An= + (10) m 0 n0 me2n0
An. index modulation on the order of 102, which is two orders of magnitude higher than the linear electrooptic effect, has been reported for current induced index modulation.1'
The device structure we employed is a Fabry.Perot waveguide resonator. The reflection mirrors are constructed using a holographic phase grating (HPG). The existence of the waveguide propagation loss and less than 100% reflectivity of the HPG reduce the peak transmission to less than unity. Figure 5 shows the curves of It/li with propagation loss as a parameter 30% reflectivity of the holographic mirrors is assumed in this calculation. The structure of the basic device fabricated is shown in Figure 6 . The grating fringe associated with the holographic mirrors is evident. The index modulation within the cavity can be generated either by current injection or by optical activation. 
Current induced modulation
An indium tin oxide waveguide modulator using the current injection method was demonstrated first. The setup for waveguide coupling and current injection is shown in Figures 7 and 8 . The phase-matching angle for prism coupling is achieved by changing the azimuthal angle of the stage such that Neff = N cos O (11) can be achieved. In Eq. (11), Neff is the effective index and N and O are the prism index and the prism coupling angle (within the prism), respectively. The current injection was realized by applying an AC voltage across the two ohmic contacts shown in Figure 6 . Note that the 18% modulation depth shown in Figure 9 is directly measured through the reference signal, which has 100% modulation depth. The measured index modulation due to current injection was on the order of iO3. Note that the modulation depth is limited by 1) the waveguide propagation loss which is 3 dB/cm for TM mode and 2) the reflectivity of the holographic mirror which is -30% in our experiment. Note that a modulation depth close to 100% can be realized by minimizing the waveguide propagation loss and by enhancing the reflectivity R of the holographic mirrors. A further current induced modulation was demonstrated by injecting an electrical current into the indium tin oxide film through the ohmic contact. Current injection through the ohmic contact. Prism couplers are clearly shown.
Detected signal (60 kHz) with 18% modulation depth. Reference signal with 100% modulation depth is also indicated.
linear electrooptic effect where the index modulation is electric-field orientation dependent, the current induced index modulation reduces the index modulation regardless of the direction of current injection. Consequently, the cutoff modulation can be realized by injecting a current into a single mode 1n203:Sn waveguide having an effective index close to the cutoff boundary. The voltage needed to achieve the cutoff modulation is8 y=(NeffNs)•R k
where k is a constant representing the linear response of the refractive index of the film, R is the resistance of the film, and N is the substrate index of the waveguide. Figure 10 shows the experimental throughput of an acousto-optically modulated HeNe signal (85 MHz) under a DC voltage of 0,20, and 30 volts applied to the ohmic contact associated with the device (Figure 6 ). An extinction ratio of 26 dB was experimentally confirmed in this case. From the results shown in Figure 10 , one can conclude that indium tin oxide film can be used as a power limiter. 
All-optical modulation
Based on the principle described in Section 3.0, an alternative to activating the 1n203:Sn waveguide modulator is to generate a time-dependent carrier density through electron-hole pair generation. The band gap energy varies from 3.1 eV to 3.7 eV (Figure 2 ) which corresponds to an optical wavelength between 0.4 to 0.335 tm. To investigate the possibility of absorption due to shallow-level and deep-level states,7 an Argon laser working at 436 nm was first employed for the demonstration. The experimental setup is shown in Figure 11 where HeNe 632.8 nm light is prism coupled into the indium tin oxide planar waveguide. The 436 nm is focused into the active region between the two holographic mirrors ( Figure 6 ). The waveguide device used for this demonstration is the same as that of the current-induced modulator introduced in Section 
CONCLUSIONS
We have successfully demonstrated a cost-effective way of generating an indium tin oxide semiconductor film which was proven to be an acceptable waveguide for both TE and TM modes. The band gap and thus the activation photon energy can be tuned from 3. 1 eV (0.4 jnn) to 3.7 eV (O.335 tm) by changing the ratio of 1n203 and SnO. Phase modulation using an InO3:Sn single-mode waveguide in conjunction with two holographic mirrors was demonstrated in both a current injection scheme and an optical activation scheme; The 18% modulation depth for current injection modulation at a pulse frequency of 60 kHz and all-optical modulation with 15% modulation depth using 355 nm light (third harmonic of the YAG laser) were experimentally confirmed. The relatively low modulation depth was attributed to the low reflectivity of the holographic mirrors and 3 dB waveguide propagation loss. A further experiment on an indium tin oxide waveguide modulator working in the cutoff regime was conducted by injecting a DC current into the waveguide through the associated ohmic contact. Modulation depths as high as 26 dB were measured. Due to the simplicity and innovativeness of the proposed concept, a number of highly feasible applications were presented. These include current sensors, UV sensors for the ozone shell, short interaction length ATR waveguide modulators, phased-array delay lines and multi-quantum well devices. Table 1 summarizes the indium tin oxide waveguide devices and compares them with existing external EO modulators. It is clear that the proposed 1n203:Sn waveguide modulator has advantages in parameters 3, 4, 5, 6, 8, 9, 10, and 11. For parameters 1 , 2, and 5, the proposed waveguide modulator is equivalent to the existing devices. The major uncertainty is the modulation speed of such a device. The mechanism of introducing an index modulation within the semiconductor film is to perturb the minority carrier concentration of the film.
Therefore, the element determining the switching speed will be the carrier lifetime of the electron-hole pairs.
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